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Def in i t i on  
speed of l i g h t  i n  a  vacuum 
diameter of l a s e r  beam 
s i g n a l  vo l t age  from t o t a l  beam c ros s  s e c t i o n  
f l u c t u a t i n g  s i g n a l  vo l tage  
t o t a l  s i g n a l  formed by adding the  s i g n a l  from two 
o r  more beams 
root-mean-squar e  of t o t a l  s  i gna l  wi th  averaging t ime 
of TI 
root-mean-square of t o t a l  s  i gna l  w i th  averaging time of 
T2 (T, >> T2) 
he igh t  of l a s e r  beam above runway 
one-half t h e  d i s t a n c e  from l a s e r  t o  de t ec to r  
number of l a s e r  beams i n  l a s e r  n e t  
u n i t  vec tor  normal t o  the  l a s e r  beam 
r e f r a c t i v e  index of a i r  (n = c / v )  
d i s t a n c e  from d i f f e r e n t i a l  element of t he  beam t o  t h e  
knife-edge 
l a s e r  s c h l i e r e n  s e n s i t i v i t y  
time 
speed of l i g h t  i n  a i r  
axes of coord ina te  system 
Glads tone-Dale cons tan t  
angular  d e f l e c t i o n  of l a s e r  beam 
angular  d e f l e c t i o n  of l a s e r  beam i n  horf zonta l  plane 
S u b s c r i p t  
RMS 
S u p e r s c r i p t  
D e f i n i t i o n  
"sudden" change i n  RMS v a l u e  of t o t a l  s i g n a l  
beam d  ef  1 ec  t ion vec t o r  
t h e  x-component of t h e  beam d e f l e c t i o n  v e c t o r  
i n s t a n t a n e o u s  dens i t y  o f  a i r  
root-mean-squar e  
t ime a v e r a g e  
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SUMMARY 
This r e p o r t  proposes a  method f o r  monitoring the  wingt ip  v o r t i c e s  
which a r e  c r ea t ed  over t he  runway by a  landing or  ascending a i r p l a n e .  
These v o r t i c e s  present  a  hazard t o  the  next  a i r p l a n e  which lands o r  
takes o f f ,  p a r t i c u l a r l y  i f  t h e  f i r s t  a i r p l a n e  i s  l a r g e  and t h e  second 
one is small .  The proposed system i s  r e f e r r ed  t o  a s  a  " l a s e r  net"  
because i t  i s  composed of a  network of l a s e r  beams passing over t h e  
runway. The s c h l i e r e n  d e f l e c t i o n s  of each of the  beams i s  monitored 
by a  photodetector  and the  r e s u l t i n g  f l u c t u a t i n g  s i g n a l s  a r e  e l ec t ron -  
i c a l l y  added. The composite s  i gna l  i s  amplif ied and i t s  root-mean-square 
(RMS) va lue  i s  computed. The magnitude of the  RMS va lue  of t he  composite 
s i g n a l  i s  used t o  i n d i c a t e  whether o r  no t  unsafe condi t ions  e x i s t  on the  
runway. Prel iminary measurements of t r a i l i n g  v o r t i c e s  i n  a  small  sub- 
son ic  wind tunnel  ind ica ted  t h a t  wingt ip v o r t i c e s  can be r e a d i l y  de tec ted  
wi th  the  l a s e r  s c h l i e r e n  system. 
The " l a s e r  net" r equ i r e s  t he  presence of towers (or  po les )  a long 
t h e  runway; however, i f  the  poles a r e  objec t ionable ,  they could be 
r e t r a c t e d  underground during take-of f s  and landings.  
I. INTRODUCTION 
Unsafe condi t ions  f o r  take-of f  o r  landing can e x i s t  on a i r p o r t  run- 
ways f o r  s e v e r a l  minutes a f t e r  an a i r p l a n e  has taken o f f  or  landed. This 
i s  a  r e s u l t  of t he  s t rong  wingt ip vor tex  wakes l e f t  over t he  runway by 
the  a i r p l a n e .  These v o r t i c e s  decay and move o f f  t he  runway w i t h  t ime. 
However, uncont ro l lab le  v a r i a b l e s ,  such a s  cross-wind speed, can in£  lu-  
ence t h e  du ra t ion  of the  wingt ip vo r t ex  hazard. Therefore,  f o r  more 
e f f i c i e n t  and s a f e r  u t i l i z a t i o n  of a  runway, a  monitoring system is 
needed t o  determine when condi t ions  a r e  s a f e  f o r  take-off  o r  landing.  
This r e p o r t  proposes a  method which w i l l  p o t e n t i a l l y  provide t h e  
means f o r  monitoring t h e  s t r e n g t h  of vor tex  wakes l e f t  by a i r p l a n e s  on 
and near  a i r p o r t  runways. The system i s  r e f  erred t o  he re in  a s  " l a s e r  
ne t . "  
Laser n e t  cons i s  t s  of a  n e t  of l a s e r  beams passing over t h e  runway. 
The s c h l i e r e n  s i g n a l s  of each of t hese  beams i s  monitored by a  photo- 
d e t e c t o r .  The s i g n a l s  a r e  added, ampl i f ied ,  and f i l t e r e d .  A vo r t ex  
wake passing through one o r  more of t he  beams i n  the  n e t  can be 
de t ec t ed  by cont inuously monitoring the  d i f f e r e n c e  between two r o o t -  
mean-square values of t h e  composite s i g n a l ,  one averaged over a  much 
longer period of time than the  o the r .  The method i s  descr ibed i n  
d e t a i l  i n  t he  fol lowing d iscuss ion ,  
This technique i s  a  spin-off  from the  l a s e r - s c h l i e r e n  crossed-beam 
program i n i t i a t e d  a t  Marshall  Space F l i g h t  Center.  I n  t h i s  program 
l a s e r  s c h l i e r e n  s i g n a l s  from tu rbu len t  flows wi th  mean flow speeds a s  
low a s  13  meters per second have been r e t r i e v e d  without  d i f f i c u l t y .  
Because t h e  s e n s i t i v i t y  of t he  l a s e r  s c h l i e r e n  s  ys tem considered he re in  
i s  approximately 100 times g r e a t e r  than t h a t  used i n  t h e  labora tory ,  i t  
i s  probable t h a t  s c h l i e r e n  f l u c t u a t i o n s  produced by a  vo r t ex  wake pass-  
ing through a  l a s e r  n e t  can be use fu l  i n  a  vo r t ex  monitoring system f o r  
a i r p o r t  runways. 
11. THE TECHNIQUE 
Figure 1 shows a  l a s e r  and photodetector  on oppos i te  s i d e s  of a  
runway. The l a s e r  beam i s  d i r ec t ed  over t h e  runway a t  a  cons t an t  
he igh t ,  h ,  perpendicular  t o  t he  pa th  of a i r c r a f t ,  and i n t o  t h e  photo- 
de t ec to r .  The pa th  of t h e  beam from t h e  l a s e r  t o  t h e  d e t e c t o r  is a  
s t r a i g h t  l i n e  only  when the  a i r  i s  undisturbed ( i .  e. ,  t h e r e  a r e  no 
dens i ty  g rad ien t s  a long the beam pa th) .  This i s  because the  speed of 
l i g h t ,  v, depends on t h e  p rope r t i e s  of t h e  medium through which i t  i s  
t r ave l ing .  For a i r  the  r e l a t i o n s h i p  i s  
where n  i s  t he  r e f r a c t i v e  index, p i s  t h e  d e n s i t y  of t h e  a i r ,  and a is 
a  cons t an t .  The r e f r a c t i v e  index is  defined a s  t h e  r a t i o  of the  speed 
of l i g h t  i n  a  vacuum, c ,  t o  t h e  speed i n  some medium, v. 
I f  during i ts  t r a n s i t  from l a s e r  t o  d e t e c t o r  the  beam encounters 
d i s turbances  cha rac t e r i zed  by dens i ty  g r a d i e n t s ,  t he  l a s e r  beam w i l l  b e  
de f l ec t ed  from i t s  undisturbed path (see f i g u r e  2 ) .  The magnitude of 
t he  d e f l e c t i o n  i s  r e l a t e d  t o  the magnitude of t h e  dens i ty  g rad ien t s  
encountered. The l o c a l  incremental angular  d e f l e c t i o n  i n  a  plane which 
includes t h e  beam and the  dens i ty  g r a d i e n t  vec tor  i s  given by [ I ]  
where N i s  a  u n i t  vec tor  normal t o  t he  beam and i n  t h e  plane,  descr ibed 
above, i n  which d B  is measured. The component of t h e  incremental angular  
d e f l e c t i o n  of t he  beam i n  the x-y plane i s  g iven  by [ 2 ]  
where the  coord ina te  x  i s  perpendicular  and y  is  p a r a l l e l  t o  the  beam 
path (see f i g u r e  1 ) .  To determine the  t o t a l  angular  d e f l e c t i o n  of t h e  
beam i n  t h e  h o r i z o n t a l  p l ane ,  px, equat ion (4) must be in t eg ra t ed  along 
the  e n t i r e  pa th  of t h e  beam. 
It i s  d e s i r a b l e  t o  express i n  terms of a i r  d e n s i t y  ins tead  of 
r e f r a c t i v e  index. Thus, from equat ion ( I ) ,  
Using the f a c t  t h a t  n  f o r  a i r  i s  very near u n i t y  (n 1.000292), equat ion 
(5) can be s imp l i f i ed :  
Subs t i t u t i o n  of equat ion (6) i n t o  equat ion (7)  y i e l d s  
Equation (8) shows t h a t  t he  angular  d e f l e c t i o n  of the  l a s e r  beam, i n  
t h e  ho r i zon ta l  plane,  i s  d i r e c t l y  r e l a t e d  t o  the  i n t e g r a l  along the  
e n t i r e  beam length  of a  component of t he  dens i ty  g rad ien t  which i s  
produced by an " inv i s ib l e "  d is turbance .  Fu r the r ,  t h e  magnitude of t h e  
d e f l e c t i o n  increases  with the  magnitude of t he  d is turbance .  
The next  s t e p  i s  t o  e s t a b l i s h  t h e  means by which a  go/no-go dec i -  
s i o n  can  be made from a  v i s u a l  d i s p l a y  of the  l a s e r  beam de£ l e c t i o n s .  
Shown i n  F igure  3 i s  a  schematic of the  method by which l a s e r  beam 
d e f l e c t i o n s  can be monitored. The photodetector  i s  composed of (1) a  
knife-edge which is posi t ioned such t h a t  approximately 50 percent  of 
t he  beam i s  blocked when t h e  beam i s  i n  i t s  undisturbed p o s i t i o n ,  
( 2 )  a l ens  f o r  focusing on t h e  photodiode t h a t  p a r t  of t he  beam passing 
the  knife-edge,  and (3) a  photodiode f o r  monitoring t h e  r a d i a t i v e  power 
of t h a t  por t ion  of t he  l a s e r  beam reaching it. 
Figure  4, which i l l u s t r a t e s  t he  func t ion  of the  kn i f  e-edge, i s  
a  view along t h e  l a s e r  beam from t h e  l a s e r  toward t h e  d e t e c t o r  and 
shows t h e  knife-edge,  t he  photodiode eye, and t h e  l a s e r  beam c ros s  
s e c t i o n  i n  both i t s  undisturbed and t y p i c a l l y  d is turbed  pos i t i ons .  
It i s  assumed t h a t  t he  d e f l e c t i o n s  of t he  l a s e r  beam, a s  seen  by t h e  
knife-edge, a r e  small  compared t o  t h e  diameter of t h e  beam, D. A s  a 
d is turbance  passes through the  beam, t h e  beam i s  d e f l e c t e d .  Due t o  t he  
presence of t he  knife-edge, the  d e f l e c t i o n  w i l l  r e s u l t  i n  a  change i n  
t he  r a d i a t i v e  power reaching the  photodiode eye. The change, o r  f l u c -  
t u a t  ion ,  may be e i t h e r  p o s i t i v e  o r  nega t ive  depending upon the  d i r e c t i o n  
of d e f l e c t i o n .  
Let  4 be t h e  x-component of t he  beam d e f l e c t i o n  a t  t h e  kn i f e -  
edge. Then, 
where e ( t )  i s  t he  f l u c t u a t i n g  s i g n a l  vo l tage ,  D i s  t h e  diameter of t h e  
beam, and E i s  t he  s i g n a l  vo l tage  from t o t a l  beam c ros s  s e c t i o n .  Now, 
t h e  d i f f e r e n t i a l  displacement of t he  beam a t  t he  knife-edge due t o  a 
d i f f e r e n t i a l  angular  d e f l e c t i o n  of the  beam a t  a  d i s t a n c e  r from t h e  
knife-edge i s  
In t eg ra t ing  equation (10) along t h e  beam using equations (4) and (6)  
we obtain:  
nx = a E - dy. j' :: 
Subs t i t u t ing  equat ion (11) i n t o  (9) y i e l d s  
Now l e t  
where s  i s  gene ra l ly  r e f e r r e d  t o  a s  t he  " s e n s i t i v i t y "  of t he  system. 
Then equat ion (12) becomes 
The time dependence of  t h e  s i g n a l  is a  r e s u l t  of time-varying d i s t u r b -  
ances pass ing through the  beam. 
The e a s i e s t  opera t ion  t o  perform on e ( t )  i s  t o  compute i t s  roo t -  
mean-square (RMS) value: 
e  = Jp . RMS 
This can  be accomplished simply wi th  an  RMS meter (e.g. ,  a  Ba l l an t ine  
True RMS Meter Model 320A). It would be a  simple mat te r  t o  a t t a c h  a  
small  panel t o  t he  RMS meter having one red l i g h t  and one green l i g h t  
t o  i n d i c a t e  when the  RMS value of t he  s i g n a l  ( i n t e n s i t y  of t h e  d i s t u r b -  
ances)  i s  above or  below some e s t ab l i shed  c r i t i c a l  value.  
Our goal  i s  t o  have a  continuous gross  "picture1 '  of t h e  i n t e n s i t y  
of d i s turbances  over the  e n t i r e  runway. A s i n g l e  l a s e r  beam as  descr ibed 
above would no t  meet t h i s  requirement;  however, s eve ra l  beams (a l a s e r  
n e t )  could. 
In  f i g u r e  5 a  " l a se r  net1' i s  shown f o r  monitoring wingt ip v o r t i c e s .  
Each beam i n  t h e  n e t  i s  e s s e n t i a l l y  t h e  same a s  t h e  s i n g l e  beam d i s -  
cussed previously.  Although the  " l a s e r  net"  appears t o  be a  much more 
complicated system than the  s i n g l e  beam, t h i s  i s  no t  a c t u a l l y  t he  case.  
By connecting the  outputs  of a l l  de t ec to r s  i n  t h e  n e t ,  t he  e n t l r e  a r ea  
covered by t h e  n e t  can be monitored from one s i g n a l ,  eT: 
and 
Because the  d e n s i t y  g r a d i e n t  f l uc tua t ions  a r e  expected t o  be produced 
by small  s c a l e  random temperature inhomogeneities which a r e  uncorre- 
l a t e d  over long d i s t ances  , t h e  quan t i t y  
should be zero.  Thus, equat ion (17) becomes: 
where m i s  t h e  number of beams i n  t h e  n e t .  Taking the square r o o t  of 
both s i d e s  of equat ion (20) gives 
Equation (19) shows t h a t  i t  i s  j u s t  a s  easy t o  monitor a  n e t  of l a s e r  
s c h l i e r e n  beams a s  it i s  t o  monitor one. A schematic of t h e  l a s e r  n e t  
system described above i s  shown i n  f i g u r e  6. 
Although t h e  l a s e r  s c h l i e r e n  sys  tem i s  s e n s i t i v e  t o  wingt ip v o r t i c e s ,  
i t  i s  a l s o  s e n s i t i v e  t o  d e n s i t y  g r a d i e n t  f l u c t u a t i o n s  produced by hea t ing  
and o the r  atmospheric d is turbances  . Thus, t h e  magnitude of t h e  average 
RMS value  of the  s c h l i e r e n  s i g n a l  on a  cool  calm day would be cons ider -  
ab ly  l e s s  than i t  would be on a  ho t  windy day. However, on e i t h e r  day 
a  wingt ip  vor tex  i n t e r s e c t i n g  the  beams would produce a  sudden r i s e  i n  
t he  RMS value  of t h e  s i g n a l .  
A sudden change i n  t h e  magnitude of the  RMS va lue  of t h e  s i g n a l ,  
Ae could be de tec ted  by monitoring the  d i f f e r e n c e  between a  RMS 
*RMs , 
value  of t he  s i g n a l  computed over a  "long" time, T,, and another  com- 
- 
puted over a  "short"  time, T2 ( i .  e. , T1 >> T2). 
w h e r e e ~  i s  computedduring t imeT1and  e'  i s  computed during 
RMS 
time T2. 
I n  p r a c t i c e ,  t h i s  could be accomplished by monitoring the  d i f f e r -  
ence between the  outputs  from two RMS meters,  one having an in t eg ra -  
t i o n  time, TI, and one having an i n t e g r a t i o n  time, T2. Figure 7 is a 
schematic of a  system which could be used t o  monitor a e  
111. THE EXPERIMENT 
An experiment was performed t o  determine (1) i f  a  t r a i l i n g  wingt ip  
vortex would produce a  f l u c t u a t i n g  s i g n a l  s u f f i c i e n t l y  l a r g e r  than t h e  
combined instrument  noise  and tu rbu len t  flow "noise" t o  make t h e  pre- 
sence of the  vo r t ex  r e a d i l y  d e t e c t a b l e  and (2)  i f  the f l u c t u a t i n g  s i g n a l  
would inc rease  wi th  increas ing  vor tex  s t r e n g t h .  The experiment was a 
cursory a t tempt  t o  determine the  feas  i b i l i t y  of measuring the  s t r e n g t h  
of wingt ip  v o r t i c e s  w i th  a  l a s e r  s c h l i e r e n  sys tem. 
The experiment was performed i n  a  low-speed wind tunnel  w i th  an  
8.4 cm by 8.9 cm t r anspa ren t  p l a s t i c  t e s t  s e c t i o n  ( see  f i g u r e  8). The 
wingt ip ,  which had a  t i p  chord of 3.3 cm, was mounted on t h e  f l o o r  of 
t he  t e s t  s e c t i o n .  The vo r t ex  was made "v i s ib l e "  i n  f i g u r e  9 by a  t u f t  
of thread a t tached  t o  the  wingt ip.  
The ins t rumenta t ion  cons i s t ed  (1) a  low-noise helium-neon l a s e r  
(Perkin-Elmer model 5200, A = 6328A), (2) a  photodetector  placed approxi-  
mately one meter from the  tunnel  c e n t e r l i n e  and c o n s i s t i n g  of a  kn i f e -  
edge and a n  E G G  model S-Dl00 photodiode, (3) a  Redcor model 500 a m p l i f i e r ,  
and (4) a  Ba l l an t ine  model 320A True RMS Meter. The flow speed f o r  a l l  
measurements was approximately 15 meters per second. 
Figure 10 shows the  osc i l l o scope  records f o r  t h r e e  d i f f e r e n t  condi- 
t ions :  ( a )  no flow instrument  no i se ,  (b) t he  wind on but  t h e  a i r f o i l  not 
i n s t a l l e d ,  and (c )  wind on wi th  a i r f o i l  i n s t a l l e d  a t  15 degrees a n g l e  of 
a t t a c k  and the  l a s e r  beam pos i t ioned  5 cm behind the  t r a i l i n g  edge and 
a t  t h e  same he igh t  (2.5 cm) as  t he  t i p .  The inc rease  i n  s i g n a l  l e v e l  
from f i g u r e  10 (a )  t o  10(b) is probably due p r imar i ly  t o  the  wind tunnel  
wa l l  boundary l aye r .  The inc rease  from f i g u r e  10(b)  t o  f i g u r e  10(c)  
c l e a r l y  i n d i c a t e s  t h a t  the  presence of t h e  vortex i s  e a s i l y  de t ec t ab le .  
High- and low-pass f i l t e r s  were used t o  provide a n  e l e c t r o n i c  band-pass 
from 200 t o  10,000 cps.  This band-pass was used f o r  a l l  runs.  The 
r e l a t i v e l y  h igh  frequency s i g n a l  i n  f i g u r e  10(c)  i s  thought t o  be due 
t o  sma l l - s ca l e  dens i ty  inhomogeneities w i th in  t h e  vo r t ex  which were 
c a r r i e d  through the  l a s e r  beam by t h e  motion of t he  vortex.  
F igure  11 gives the  r e s u l t s  of a  t r ave r se  of t he  l a s e r  beam, a t  
wingt ip  he igh t ,  downstream from the  a i r f o i l .  The v a r i a t i o n s  i n  RMS 
s i g n a l  were no t  l a rge ;  they a r e  probably wi th in  the  accuracy t o  which 
the  RMS meter could be read,  because the  f l u c t u a t i o n s  i n  needle  pos i -  
t i o n  were r a t h e r  l a rge .  
Figure 12 shows the  v a r i a t i o n  i n  RMS s i g n a l  l e v e l  w i th  a i r f o i l  
ang le  of a t t a c k .  The l a s e r  beam was 5 cm downstream of t h e  t r a i l i n g  
edge and a t  wingt ip he ight .  The RMS value of t he  s i g n a l  increases  
d rama t i ca l ly  w i th  increas ing  angle  of a t t a c k ,  o r  vo r t ex  s t r e n g t h .  
Perhaps one reason f o r  t h i s  l a r g e  inc rease  i n  s i g n a l  i s  t h a t  more and 
more turbulence  from flow s e p a r a t i o n  g e t s  mixed i n t o  the  vor tex  w i t h  
increas ing  angle  of a t t a c k .  Although the RMS value  might no t  be 
r e l a t e d  t o  t he  vor tex  s t r e n g t h  a lone ,  t h i s  f i g u r e  g ives  hope f o r  t h e  
success  of t h e  method. 
I V .  CONCLUDING REMAFXS 
This prel iminary s tudy ind ica t e s  t h a t  t he  proposed l a s e r  n e t  wing- 
t i p  vor tex  monitoring system might be a  workable idea because the  pres-  
ence of a  vor tex  i s  d e f i n i t e l y  d e t e c t a b l e ,  and increas ing  the  s t r e n g t h  
of t h e  vortex increases  t he  RMS s i g n a l .  I f ,  indeed, a  r e l a t i o n  between 
vo r t ex  s t r e n g t h  and RMS s i g n a l  can be e s t ab l i shed  through f u r t h e r  
i nves t iga t ion ,  t h e  l a s e r  n e t  sys  tem would become a  promising method f o r  
monitoring wing t i p  v o r t i c e s  on runways. 
The primary disadvantages of t h i s  system a r e  t h a t  (1) towers, o r  
support ing po le s ,  a r e  requi red  along the  runway t o  hold the  l a s e r s  and 
d e t e c t o r s  and (2)  t he  approach lanes  above tower he ights  cannot be 
monitored. However, t h e  f i r s t  ob j ec t ion  can be overcome by using 
te lescoping  poles  which can be r e t r a c t e d  underground during t akeo f f s  and 
landings.  The important  per iod f o r  making measurements i s  before  a  take- 
o f f  o r  landing; no measurement need be made a f t e r  an a i r p l a n e  i s  com- 
mi t ted  t o  the  takeoff  or  landing. Also, t he  second ob jec t ion  might not 
be s o  se r ious  a s  i t  seems a t  f i r s t .  An a i r p l a n e  normally generates  
i t s  maximum l i f t  near t h e  ground on landing and t akeo f f s ;  t he re fo re ,  
t he  wingt ip v o r t i c e s  w i l l  be s t r o n g e s t  near t h e  ground wi th in  the  l a s e r  
n e t  f i e l d .  So, when the  s e r  n e t  i nd ica t e s  t h a t  t he  s t rong  v o r t i c e s  
near t he  runway have deLdyed t o  an  acceptab le  l e v e l ,  one could reasonably 
expect t h a t  t he  weaker v o r t i c e s  a t  higher  a l t i t u d e s  have a l s o  decayed t o  
an  acceptab le  l e v e l .  O r ,  i f  t he  wind on t h e  ground blows t h e  v o r t i c e s  
o f f  t h e  runway and ou t  of t h e  l a s e r  n e t ,  one could reasonably expect 
t h a t  t he  g r e a t e r  winds a t  higher  a l t i t u d e s  had a l r eady  blown the  v o r t i c e s  
out  of t he  f l i g h t  path. I n  add i t i on ,  i t  seems t h a t  t h e  space j u s t  above 
t h e  runway i s  t h e  most important space  t o  monitor because a  s e r ious  d i s -  
turbance t o  an a i r c r a f t  near  the ground would be more l i k e l y  t o  lead t o  
d i s a s t e r  than t h e  same d is turbance  a t  higher  a l t i t u d e .  
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